Introduction
Acute kidney injury (AKI) is associated with a high degree of morbidity and mortality and the incidence remains unacceptably high. Ischemia-reperfusion injury (IRI) is one of the major causes of AKI. Currently, no pharmacological agents have proven to prevent AKI and the mortality rate of patients with severe AKI has not declined in recent decades [1] .
Ischemia and/or reperfusion initiate changes in vascular endothelial cells, tubular epithelial cells and leukocytes that result in the loss of immune system homeostasis in the kidney [2] [3] [4] [5] [6] . The ensuing inflammation leads to kidney parenchymal cell death and in severe cases AKI. The inflammatory response can be mediated by two different, but related, arms of the immune system: innate and adaptive immunity. The innate immune system is activated very early in infectious or inflammatory states in a non-antigen-specific fashion and is comprised of neutrophils, monocytes/macrophages, dendritic cells (DCs), natural killer (NK) cells and natural killer T (NKT) cells. In contrast, the adaptive immune system becomes responsive to specific antigens (from pathogens or dead self cells) over the course of several days and includes DC maturation and antigen presentation, CD4 and CD8 T lymphocyte proliferation and activation, and T to B lymphocyte interactions. Leuko- cytes such as DCs and macrophages play key roles in both types of immunity by producing pro-inflammatory cytokines and presenting antigen to lymphocytes. Evidence supporting the involvement of both innate and adaptive immunity in renal IRI has accumulated in recent years. This review will highlight some of the new concepts in the immunologic mechanisms of ischemiainduced AKI.
Renal Vascular Endothelium
One of the early events in renal IRI is activation of the endothelium leading to an increase in vascular permeability [7] which promotes extravasation of leukocytes into the kidney. Brodsky et al. [8] showed that after renal IRI, there was loss of endothelial cells from afferent arterioles and interruption of endothelial cell contacts, an effect reversed through transfer of endothelial cells [8] or through treatment with a sphingosine-1-phosphate analog prodrug, FTY-720 [9] . In addition to changes in the integrity of the endothelial cell layer of the renal vasculature, IRI upregulates the expression of adhesion molecules that facilitate leukocyte-endothelial cell interactions. The expression of intracellular adhesion molecule 1 (ICAM-1) increases in the kidney by 1 h after IRI and mice lacking ICAM-1 are protected from renal IRI [4] . Leukocyte adhesion to endothelial cells leads to inflammation and extension of cellular injury. Additionally, renal endothelial cells upregulate the expression of CX3CL1 (fractalkine), a ligand for the CX3CR1 receptor highly expressed on macrophages that mediates macrophage recruitment in the inflamed kidney, and pretreatment with a neutralizing CX3CR1 mAb reduced the severity of AKI [10] . Therefore, the endothelium plays an important early role in the inflammatory response to kidney damage by promoting the accumulation of leukocytes.
Renal Tubular Epithelium
Several studies have demonstrated that tubular epithelial cells (TECs) play a pro-inflammatory role in kidney IRI. Normally, the epithelial cells lining the proximal tubules of the kidney express the complement inhibitor Crry preferentially on the basolateral membrane [2] . After renal IRI, Crry is redistributed away from the basolateral surface of the cell, which permits the deposition of C3 on the tubular epithelium [2] . In support of a protective role for proximal tubular Crry expression, mice deficient in Crry are more susceptible to kidney IRI [2] . Complement activation, by the alternative pathway, is required for the production of the pro-inflammatory chemokines macrophage inflammatory factor-2 (MIP-2) and keratinocyte-derived chemokine (KC) by the renal tubular epithelium after IRI [11] . These chemokines attract neutrophils and macrophages to the injured kidney. Another recent study demonstrated that toll-like receptor 4 (TLR4) is upregulated in TECs after IRI and deficiency of TLR4 on kidney parenchymal cells was more effective at preventing kidney IRI than TLR4 deficiency on bone marrow-derived cells [12] . TLRs are a family of pattern recognition receptors that detect motifs of pathogens and host material released during injury that are important for activation of innate immunity. TLR4 deficiency blunted the IRI-induced production of pro-inflammatory cytokines and chemokines and inhibited macrophage and neutrophil accumulation [12] . A similar study showed, using bone marrow chimeras, that lack of TLR2 expression on kidney parenchymal cells also inhibited renal IRI and kidney pro-inflammatory cytokine production was reduced in TLR2 -/-mice compared to wild-type controls [13] . Molecules such as high-mobility group B1 (HMGB1), heat shock proteins, hyaluronan and biglycan released from damaged tissues activate TLRs and lead to downstream activation of transcription factors that regulate the expression of survival genes or proinflammatory cytokines and chemokines. TLRs expressed on endothelial cells and epithelial cells are involved in kidney IRI via both MyD88-dependent and independent pathways [14] . These studies highlight the important role for renal endothelial and epithelial cells in the inflammation of AKI.
Neutrophils
Neutrophils rapidly respond to injury and are important mediators of innate immunity. Adherence of neutrophils to the vascular endothelium is a crucial early process in the initiation of damage to ischemic tissues. Neutrophils respond to invading pathogens either by phagocytosis or releasing granules containing proteases and other enzymes, which generate reactive oxygen species. In inflammatory states, neutrophil degranulation can lead to the destruction of normal self cells in the inflamed tissue. One of the hallmarks of renal IRI, in mouse models, is neutrophil accumulation in the postischemic kidney [3, 4, 12] and depletion of neutrophils e104 prevents AKI [4] . Our laboratory has demonstrated that blocking upstream activation of invariant NKT (iNKT) cells (see below) prevents renal accumulation of IFN-␥ -producing neutrophils and kidney dysfunction after IRI in mice [3] . These studies suggest the involvement of neutrophils in the pathogenesis of kidney dysfunction in the widely used murine model of IRI-induced AKI. Furthermore, neutrophil activation and infiltration may be governed by other leukocytes, such as iNKT cells. In contrast, studies in other species (rabbit and rat) have not reported extensive neutrophil accumulation or protective effects of neutrophil depletion in mild or severe renal IRI [15] .
Macrophages
Macrophages are derived from monocytes in the blood and are named for their role as phagocytes. In addition to phagocytosis, macrophages produce pro-inflammatory cytokines that can stimulate the activity of other leukocytes [Li and Okusa, unpubl. data; 16 ] . Macrophages infiltrate the injured kidney shortly after neutrophils (within 1 h of reperfusion), and this infiltration is mediated by CCR2 [Li and Okusa, unpubl . data] and CX3CR1 signaling pathways [10] . These macrophages have a distinct F4/80 low Ly6C high GR-1 + CX3CR1 low 'inflamed' phenotype [Li and Okusa, unpubl. data; 16 ] . Depletion of kidney and spleen macrophages, using liposomal clodronate, prior to renal IRI prevented AKI and adoptive transfer of macrophages reconstituted AKI [5] . Intracellular cytokine staining of kidney infiltrating macrophages by flow cytometry demonstrated that these leukocytes are significant producers of the cytokines IL-1 ␣ , IL-6, IL-12p40/70 and TNF-␣ [Li and Okusa, unpubl. data]. Another study identified IL-6 expression in renal outer medulla interstitial macrophages by in situ hybridization 4 h after IRI [16] . The increased abundance of IFN-␥ from iNKT cells and neutrophils provides potent stimulation for macrophage activation early in IRI.
Dendritic Cells
DCs are an important link between innate and adaptive immunity and their role in AKI is not completely understood. CD11c + MHC class II + DCs are the most abundant leukocyte subset in the normal mouse kidney suggesting an important role in renal immunity and inflammation. Upon stimulation, DCs can convert to a mature cell type characterized by high levels of class II major histocompatibility complex (MCH class II) and co-stimulatory molecules and low phagocytic capacity. Mature DCs are specialized in T cell activation. However, DCs are also important in the innate immune response by releasing pro-inflammatory factors, interacting with NKT cells via CD40-CD40L and presenting glycolipids via the CD1d molecule to activate i NKT cells. Dong et al. [17] demonstrated that after IRI renal DCs produce the proinflammatory cytokines/chemokines TNF, IL-6, MCP-1 and RANTES, and that depletion of DCs prior to IRI significantly reduced the kidney levels of TNF produced after IRI. IL-12 and its new family member IL-23 are mainly produced from activated DCs and macrophages, and their downstream cytokines IFN-␥ and IL-17, associated with macrophage activation and neutrophil recruitment, may amplify the immune response following kidney reperfusion. These results suggest a role for the innate response of DCs in AKI. In a separate study, DCs were shown to traffic to the renal draining lymph nodes after IRI and induce T cell proliferation in an antigen-specific fashion, implicating renal DCs in the adaptive immune response to IRI [18] . While these studies strongly suggest that DCs play an important role in ischemia-induced AKI, additional studies are needed to determine the effect of specific-DC depletion in IRI-induced AKI. The use of a genetically engineered mouse in which the DCspecific surface protein CD11c is conjugated to the human diphtheria toxin receptor (CD11c-DTR mouse) should facilitate DC depletion studies and offer more insight into the role of renal DCs in IRI.
Lymphocytes
Lymphocytes are the major mediators of adaptive immunity. Antigen presentation by APCs, in the presence of sufficient co-stimulation, causes expansion and activation of T cells with a T cell receptor (TCR) specific for the presented antigen. B cells do not require antigen presentation; rather, they recognize soluble antigens that they engulf and process to present to T cells with a TCR specific for the same antigen. The interaction of the B and T cell stimulates the B cell to generate antibodies specific for the antigen. Other antigens can induce antibody production in the absence of T cell participation. A role for T cells in the pathogenesis of kidney IRI has been established in different mouse models lacking certain types of lymphocytes [6, 19] . In nu/nu mice (which lack CD4 and CD8 T cells), IRI measured by serum creatinine levels and renal histology was significantly reduced compared to wild-type controls [19] . Reconstitution of nu/nu mice with CD4 + T cells alone and not CD8 + T cells alone restores kidney injury after IRI [19] . Additionally, RAG-1 -/-mice (lacking both B and T cells) are also protected from IRI and adoptive transfer of CD4 + T cells from wild-type mice reconstitutes injury [6] . Importantly, transfer of CD4 + T cells from IFN-␥ -/-mice failed to re-establish injury in this model [6] . These results suggest that CD4 + T cells, and specifically IFN-␥ produced by these cells, mediate the early phase of IRI.
Mice deficient in B cells ( MT mice) are also protected from IRI [20] . The adoptive transfer of purified B cells back into these mice, however, does not restore kidney injury after ischemia [20] . On the other hand, transfer of serum from wild-type mice does result in higher serum creatinine values after IRI compared to the MT mice without serum transfer [20] . The authors suggest that lack of a circulating factor, possibly an immunoglobulin, may be responsible for the protection observed in B celldeficient mice.
Other investigators have reported a lack of protection from IRI in RAG-1 -/-mice [21, 22] . Burne-Taney et al. [22] reported that while RAG-1 -/-mice were not protected from IRI, RAG-1 -/-mice reconstituted with either T or B cells alone were protected. The reasons for the discrepancy between laboratories in results using the RAG-1 -/-mice are unclear at present and cannot be explained by strain differences [21, 22] . It is possible that in some models, combined T and B cell deficiency leads to increased innate immune responses [22] .
Invariant Natural Killer T Cells
Several studies have demonstrated that CD4 + T cells are involved in renal IRI (see above). However, conventional CD4 + T cells are thought to play a role in antigenspecific, adaptive immunity that requires 2-4 days for T cell processing, a time course that cannot explain the rapid, innate immune response following IRI. [3] , neutrophils (PMN [3, 4, 12] ) and macrophages (MØ [16] ) accumulate in the kidney, are activated and produce pro-inflammatory cytokines (i.e. IFN-␥ production by iNKT cells and PMNs [3] ). Endothelial cells are damaged by IRI leading to increased vascular permeability [8, 9] and expression of adhesion molecules such as ICAM-1 [4] and fractalkine [10] . These changes facilitate the accumulation of leukocytes in the kidney. Renal dendritic cells produce cytokines and chemokines [17] and traffic to the renal draining lymph node and present antigens to T cells [18] . Tubular epithelial cells exhibit increased complement deposition [2] and upregulate the expression of tolllike receptors (TLRs [12, 13] ), both of which mediate chemokine and cytokine production in the injured kidney [11] [12] [13] . Changes in each cell type directly or indirectly influence the other cells involved to promote inflammation after renal IRI. These interactions between kidney and bone marrow derived cells and between innate and adaptive immunity demonstrate the complex nature of the inflammation associated with AKI. e106 function of DCs, regulatory T cells, NK and B cells, as well as conventional T cells, and thus links innate and adaptive immunity. A recent finding from our laboratory is that early IRI (30 min following reperfusion) leads to an increase in activated CD4 + CD69 + cells and the number of IFN-␥ -producing iNKT cells in the kidney is significantly increased by 3 h of reperfusion compared to sham-operated mice [3] . At this time point, there is also a significant increase in IFN-␥ + neutrophil recruitment in the IRI kidney. Blockade of NKT cell activation with the anti-CD1d mAb, NKT cell depletion with an anti-NK1.1 mAb in wild-type mice, or use of i NKT cell-deficient mice (J ␣ 18 -/-) inhibited the accumulation of IFN-␥ -producing neutrophils after IRI and prevented AKI [3] . Given that (1) there is a major disconnect between the timing of the protection seen in CD4 + T cell-deficient mice and the timing of conventional T cell activation, (2) IFN-␥ -/-CD4 + T cells do not reconstitute injury in RAG-1 -/-mice, and (3) the mouse CD4 + T cell population contains iNKT cells that can be activated within hours, the current findings suggest that iNKT cells are the major early-acting CD4 + cell type in renal IRI. CD1d-restricted NKT cells include type I NKT (iNKT) cells and type II NKT cells; the role of type II NKT cells in kidney IRI has not been examined.
Conclusions
Over the past decade many new concepts in the role of inflammation in AKI have emerged ( fig. 1 ). Among them are pro-inflammatory changes in the endothelial and epithelial cells of the kidney. Additionally, complement, TLRs and numerous cytokines and chemokines are clearly involved in amplifying the immune response to kidney injury. The complex interplay between innate and adaptive immunity in renal IRI is still not completely understood but advances have been made in this area. Critical early roles for neutrophils, macrophages, and T and B and NKT cells have been established in mouse models of AKI. Finally, these new concepts may lead to new targets for development of clinically relevant treatment strategies for AKI.
